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ABSTRACT

Background: Pseudomonas aeruginosa (P. aeruginosa) is the source of serious nosocomial
infections, the most common of which s ventilator-associated pneumonia. P. aeruginosainfections
continue to pose a substantial therapeutic problem. The expression of several virulence genes
and the formation of biofilms in bacteria are caused by quorum sensing, a density-dependent
cell-to-cell communication mechanism. Anti-biofilm chemicals prevent the synthesis of the
polymer matrix, limit cell adhesion and attachment, reduce the generation of virulence factors,
and obstruct the quorum sensing system. The present study focused on the antibiofilm activity
of chrysin-fabricated silver nanoparticles (nano-chrysin) against P. aeruginosa. Materials and
Methods: In our study, chrysin, which is a polyphenol, was fabricated with silver nanoparticles
to make nano-chrysin. P. aeruginosa PAO1 strain was treated at sub-MIC concentrations with
chrysin (50, 25, 12.5, and 6.25 pg mL"), silver nanoparticles (6.26, 3.13, 1.56, and 0.78 ug mL")
and formulated nano-chrysin (3.13, 1.56, 0.78, and 0.39ug mL") to find out the effectiveness
of these compounds against biofilm formation. Results: Biofilm produced by P. aeruginosa
PAO1 was found to be inhibited at sub-MIC concentrations (3.13, 1.56, 0.78, and 0.39 ug mL")
of nano-chrysin having MIC value ranging between 50-3.13 ug mL" which is more potent than
alone chrysin and silver nanoparticles. Conclusion: The data confirmed that nano-chrysin is
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effective in inhibiting biofilm formation, produced by P. aeruginosa.
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INTRODUCTION

Humans become prone to certain infections after surgery; one of
the most common infections is caused by Pseudomonas aeruginosa
(P. aeruginosa), particularly in the blood, lungs, and other parts of
the body.! They live in the environment and are most commonly
acquired in healthcare settings, causing much more infections in
patients who are especially immunocompromised, on ventilators
or catheters, and in patients affected by wounds resulting from
surgery and burns.?

Demand for treatment of infections caused by P. aeruginosa is on
the rise as the strain has developed multi-drug resistance; hence,
there is an urgent need for alternative therapies.’

Chrysin (5,7-dihydroxyflavone), is a flavones that is a secondary
metabolite found in honey (Apideae), propolis (Salicaceae),
Oroxylum indicum (Bignoniaceae), the passion flowers, Passiflora
incarnate, and Passiflora caerulea (Passifloraceae).® This dietary
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natural product possesses tremendous healing properties against
toxic agents in various tissues of the brain, heart, liver, kidney,
and lung.® Owing to its great medicinal value, the problem with
chrysin is its low bioavailability and poor intestinal absorption.
The main causes of poor systemic bioavailability for chrysin
include low water solubility, fast metabolism mediated by UGTs
(Uridine and SULT
(Cytosolic Sulfotransferases), and effective excretion through
efflux transporters including BCRP (Breast Cancer Resistance
Protein) and MRP2 (Multidrug Resistance Protein 2).°

5'-diphospho-glucuronosyltransferase)

The associated problems with chrysin can be overcome by
new drug delivery approaches, including articulation into
nanoparticles.” Nanoparticles have proven to be an effective
small carrier molecule (nanocarrier) over the past decades
and have been shown to increase the pharmacokinetic and
pharmacodynamic properties of drug molecules.?

A biofilm is made up of bacterial cell clusters that have a
network of hollows or internal channels in the extracellular
polysaccharide and glycoprotein matrix that allow the cells
to absorb nutrients and oxygen from the surrounding bulk
liquid. Biofilm, thus, is described as a microbiologically formed
a stationary community made up of cells that attach to the
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Extracellular Polymeric Substance (EPS) matrix and embed in
it, changing their phenotypic in terms of gene transcription and
growth rate.’ Because they have a barrier preventing contact with
antimicrobial agents, biofilms are more resistant to antimicrobials
than bacteria. These serve as a resistance for the host environment
as they do not allow the drug to reach the target site due to the
dense polymeric cascade network, which hence contributes
to the resistance through the Quorum Sensing (QS) signaling
mechanism in P. aeruginosa.'® The processes that result in biofilm
formation are as follows: (a) cell transport from the surface and
bacterial adsorption at the surface; (b) production of EPS and
cell-to-cell signaling molecules and irreversible cell adsorption;
(c) biofilm maturation; (d) detachment of some biofilm cells; and
(e) biofilm recolonization. P. aeruginosa biofilm production has
been demonstrated to depend on bacterial cell communication.'
The QS bacterial cell-to-cell communication system controls
the virulence genes in P. aeruginosa.'”” Small signaling molecules
made by QS bacteria can interact with related receptors when
they are present in large numbers. This connection triggers the
expression of several genes involved in bacterial pathogenicity

and the development of biofilms.'

Polyphenols, which are derived from plants, fight infections. For
instance, furocoumarins block the production of biofilms on
bacterial strains such as P. aeruginosa, Salmonella typhimurium,
and Escherichia coli, as well as AI-1 and AI-2 signaling.
Maurobarbaro C. impacts the signaling systems of lasR and rhlR
against P, aeruginosa and Chromobacterium violaceum. Curcumin
inhibits the virulence genes expression on P. aeruginosa. Urolithins
A and B decrease Yersinia enterocolitica QS processes and levels.
The DNA-binding capacity of the LuxR transcriptional protein of
Vibrio spp. and Escherichia coli is impacted by cinnamaldehyde,
which changes the virulence factors, swimming motility, biofilm
structure, and stress response.”* Quercetin has its many advantages
included its ability to suppress the formation of biofilms, block
the SrtA gene, and exhibit an effect on the generation of sialic acid
in opposition to Streptococcus pneumoniae.'*'> Additionally, this
chemical hinders P. aeruginosa's synthesis of Rhll, RhIR, LasI,
and LasR. Polyphenol-encapsulated nanoparticles have proven
to treat such resistance and lower the dependency on antibiotics

that create antimicrobial resistance over prolonged use.'®

In our study, we have formulated chrysin inclusion silver
nanoparticle'” and tested it on biofilm produced by P. aeruginosa
PAO1 strain. The results have shown positive inhibition
against biofilm formed by the P aeruginosa PAO1 strain. This
research is the first to explore the potential of bio-reduced silver
nanoparticles through chrysin and their clinical implications on

bacterial pathogenesis, like P. aeruginosa biofilm formation.
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MATERIALS AND METHODS

Materials

Silver nitrate and chrysin were purchased from Sigma Aldrich,
India. In this study, P aeruginosa was used as a culture
P. aeruginosa PAOI was used as a bacterial strain. Assay plates
for antimicrobial activity, MIC, and antibiofilm activity included
nutrient broth media, which was purchased from Hi Media
Laboratories Pvt. Ltd., India. Ethanol was purchased from
Rankem Ltd., India and vancomycin from Sigma Aldrich, India.

Synthesis of nano-chrysin (Chrysin@AgNPs) by
Chemical Reduction

Chrysin, a natural reducing agent, is used to reduce the metal
ion Ag* to Ag’ via the green route without using toxic chemicals.
The chysin and AgNO, were mixed at a concentration of 0.5:1
mM with constant stirring at an increasing temperature of 30°C
to 90°C.”” pH was maintained at every time interval with 0.1 N
NaCl and 0.1 N HCJ, and incubation time was extended up to 90
min to obtain more uniform and smaller NPs. The formation of
NPs was confirmed due to SPR absorbance by UV.

Characterization of nano-chrysin
UV (Ultra-Violet analysis)

UV-vis is
a preliminary method to identify the reduction that the

Based on SPR (Surface Plasmon Resonance),

reducing agent made to the metal. A systronic UV-visible
the
wavelength of 200-800 nm in order to perform UV-vis on the

spectrophotometer recorded absorbance maxima at

sample.

FTIR (Fourier-Transform Infrared Spectroscopy)

The surface chemistry was studied by the FTIR spectroscopic
technique, KBr pellets were mixed with the sample and used after
drying. The transmittance was measured by an FTIR spectrometer
with a wavelength ranging from 4000 cm™ to 400 cm™.

SEM and TEM (Morphological analysis)

The surface morphology of nanoparticles was studied through
images obtained with SEM (scanning electron microscopy) using
the FEI Nova Nano FESEM 450. A range of kV, at both low (for
high-resolution imaging) and high (for microanalytical imaging)
currents, is possible with the Schottky field-emission source
of the NanoSEM 450. HRTEM (high resolution transmission
electron microscope) was carried out using the JEOL JEM 2100
PLUS High-Resolution Transmission Electron Microscope at an
accelerating voltage of 200 kV with a resolution point of 0.194 nm
and a lattice of 0.14 nm.
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XRD (X-ray Diffraction Analysis)

The phase characteristics and dimension of the formulated
nanoparticles were determined by the h, k, and 1 values obtained
by the X-ray Diffraction (XRD) technique using Panalytical
Xpert Powder. It directly probes the crystallographic structure of
nanoparticles and changes in their structure. The mean particle
size of nanoparticles was calculated using Debye Scherrer’s
equation.

L=0.9MApcosh0

Where, A is the wavelength of X-ray, B is full width and half
maximum, and 0 is the Bragg’s angle.

Zeta Potential, Particle size analysis and
Polydispersity Index

A zeta potential sizer (-100 mv to +100 mv) measures the
electrostatic potential at the electrical double layer surrounding a
nanoparticle in solution. It is performed using a clear disposable
zeta cell and a Malvern Zeta Potential DTS0050 at 25°C. Particle
size analysis can be used to measure the polydispersity index,
which indicates the average molecular weight of the particles as
measured with the equation,

Mw/Mn

Where, Mw and Mn are the weight average and number average
molecular weight, respectively.

Anti-microbial assay and Minimum Inhibitory
Concentration (MIC)

A 20 pL overnight-grown microbial culture petriplate containing
nutrient agar media was covered with a disc of chrysin, silver
nanoparticles, and nano-chrysin. The zones of inhibition on the
plates were measured in millimetres after 48 hr of incubation at
37°C."8 A 100 mL portion of sterilized nutrient broth was made,
and a bacterial culture was injected into the medium of the broth
to determine the MIC. The microtiter plate wells received 200
uL of broth. A 200 uL sample dilution was performed. Absorbance
was measured in nm after 48 hr of incubation at 37°C."

Biofilm inhibition assay

A complex microbial community that is highly resistant to
antimicrobial agents is known as a biofilm. Higher levels of
mortality and morbidity are associated with the formation of
biofilms on biotic and abiotic surfaces. Moreover, it is thought to
be a crucial component of bacterial pathogenicity. The bacterial
culture was inoculated in the broth medium of 100 mL of sterilized
nutrient broth for the antibiofilm experiment. The microtiter
plate wells received 200 pL of broth. Samples comprising 200
L were inoculated. 72 hr incubation period at 37°C. Each well's
bacterial suspension was gently removed after incubation. To get
rid of free-floating planktonic bacteria, the wells were washed
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three times with 200 pL of Phosphate Buffered Saline (PBS).
The wells were then left to air dry for 45 min. Crystal violet was
used to detect bacterial adhesion to the culture plate. 200 uL of
crystal violet (0.1%) was added to each well, and the plates were
cultured at room temperature for 10 min. Plates were left for
20 min to dry after the excess stain was wiped off by washing
with deionized water (washed three times with 300 pL of water).
Following drying, 200 pL of 95% ethanol was poured into each
well to dissolve the included dye. The plate was then covered with
a lid to prevent evaporation and left at room temperature for 30
min. At 570 nm, the absorbance of the stained adhering bacteria
was measured using a microplate reader.”

RESULTS

Synthesis and Characterization of nano-chrysin
UV (Ultra-Violet analysis)

The SPR phenomenon attributed to the dispersity, size, and shape
of nanoparticles was confirmed by UV-vis spectrophotometry?'
with the formation of a yellowish-brown colour. As per (Figure 1)
for UV-vis, the wavelength is 420 nm at 90 min."”

FTIR (Fourier-Transform Infrared Spectroscopy)

In FTIR data (Figure 2a), the free chrysin displays transmittance
at 3084, 3011, 2923, 1651, and 1611 cm™ in the infrared spectrum.
Strong bands between 3500 and 3000 cm™ are associated with the
OH stretch, while 1651 and 1611 cm™ stand for C=0 and C=C,
respectively. It is abundantly obvious from the distinctive IR
transmittance of produced NPs that functional groups of chrysin
actively participate in coordination with metal ions.

Differences in the intensity of transmittance at 3500-3000 cm™
seen in the formulated nano-chrysin complex after reduction
are a vivid illustration of the symmetrical and asymmetrical
stretching modes of O-H (Figure 2b). This variation in intensity
implies that one O-H group was involved in coordination with
the metal ions.?? The C=0 oxygen atom, which was shifted to 1640
cm™ in the spectra of the nano-chrysin complex and therefore is
attributed to a strong band at about 1651 cm™ that was identified
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— B0 min
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Figure 1: Absorbance graph of formulated nano-chrysin at 50-90 min of
interval.
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Figure 2a: FTIR data of pure chrysin.
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Figure 2b: FTIR data of nano-chrysin.

in the transmittance of the ligand, indicates that the cross-linking
of chrysin on metal nanoparticles takes place through the C=0

oxygen atom.”

SEM and TEM (Morphological analysis)
The morphology analysis of SEM (Figure 3a) showed uniform

and well dispersed nanoparticles with a spherical shape having
a nano-chrysin (Chrysin@AgNPs) mean diameter of around 56
nm that might be influenced by chrysin in formulating AgNPs.

Whereas HRTEM was carried out to look further into the
characteristic shape and size of formed NPs. (Figure 3b) depicts
insights into the shape and size of NPs, with sizes ranging from
2 to 50 nm. Most NPs were spherical in nature, followed by

triangular.

XRD (X-ray Diffraction Analysis)
With the aid of JCPDS intensities, the XRD patterns of

nano-chrysin were deciphered. After reduction, the diffraction
peaks at 206=29.45, 31.72, and 66.25 were indexed as (1 1 1), (2
00), and (2 2 0) planes of a faced-centered cubic (fcc) lattice of
silver (JCPDS, file no. 04-0783) (Figure 4). The XRD patterns seen
here have a thin layer of chrysin coating on the metal surface,
and well-dispersed particles that remained stable for an extended

period of time with a minimum particle size of 2 nm.*
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Figure 3a: SEM micrographs of nano-chrysin.

b

Figure 3b: HRTEM micrographs of nano-chrysin.
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Figure 4: The XRD patterns of nano-chrysin.
Zeta Potential, Particle size and Polydispersity Index

The Polydispersity Index (PDI) indicates the uniform distribution
and dispersion of the particles throughout the sample solution to
determine whether a sample is homogeneous or heterogeneous.
With a range of 0.26 (Table 1) it is evident that PDI<0.2 is
acceptable for nanomaterial formulation in drug delivery
system.?
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Antimicrobial assay and MIC

According to the results of the antimicrobial experiment, chrysin,
Silver Nanoparticles (AgNPs), and nano-chrysin (Chrysin@
AgNPs) all displayed zones of inhibition at a concentrations
of 50, 100, 150 and 200 pg mL*, with diameters of 7, 17, 30
and 36 mm for chrysin (Figure 5a), 22, 37, 42 and 47 mm for
silver nanoparticles (Figure 5b), and 32, 38, 45 and 49 mm for
Chrysin@AgNPs (Figure 5c), respectively, while the positive
control vancomycin; exhibited with an 8 mm zone of inhibition at
all four concentrations. Vancomycin is considered a standard in
antimicrobial susceptibility analysis against P. aeruginosa.?® This
proves that the inhibitory zone of chrysin, when coupled with
silver to generate nano-chrysin, is higher than that of its individual
parts at all four concentrations. Chrysin Silver Nanoparticles
(AgNPs), and nano-chrysin were each shown to have MICs of 50
pg mL*at OD, =0.009, 6.25 ug mL* at OD, ,=0.005, and 3.13 ug
mL" at OD,,=0.024, respectively, demonstrating nano-chrysin
potency and efficacy in comparison to chrysin and AgNPs.

Antibiofilm assay

The virulence feature of P aeruginosa, which is created via
intricate gene regulation in the Las system, is shown by the
creation of biofilms.”” In our study;, it is evident that chrysin, when
fabricated with silver nanoparticles forming nano-chrysin, shows
better potency and efficacy in inhibiting biofilm formation with

Figure 5a: Zone of inhibition formed by chrysin at 50, 100, 150 and 200 pg
mL", Vancomycin (+ve, positive control).

Figure 5b: Zone of inhibition formed by Silver Nanoparticles (AgNPs) at 50,
100, 150 and 200 pg mL", Vancomycin (+ve, positive control).

Figure 5c: Zone of inhibition formed by nano-chrysin (Chy@AgNPs) at 50,
100, 150 and 200 pg mL", Vancomycin (+ve, positive control).
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Table 1: Polydispersity index of formulated nano-chrysin.
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Figure 6: Graph depicting antibiofilm activity of chrysin (A), silver
nanoparticle (B), nano-chrysin (chrysin@AgNPs) (C) against P. aeruginosa were
quantified through OD_,  after 48 hr of incubation. Error bars indicate the
standard deviation in triplicate. **** p<0.05 compared with the control.

Control

Figure 7: Rows (1-4 and control) of microtiter plates stained with crystal violet

demonstrating biofilm adherence on the wall at concentrations ranging from
50, 25,12.5,and 6.25 pg mL" for chrysin (marked as CHY); 6.26, 3.13, 1.56 and
0.78 pg mL for silver nanoparticles (marked as AGNP) and 3.13, 1.56, 0.78,
and 0.39 pg mL" for nano-chrysin (marked as AGNP+CHY), and control.
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sub-MIC values ranging from 3.13, 1.56, 0.78, and 0.39 pug mL"
with little adherence of biofilms on the walls of microtitre plate
when washed and stained with crystal violet (Figures 6 and 7).
Chrysin, in contrast, inhibited biofilm formation with very little
effect at sub-MIC concentrations ranging from 50, 25, 12.5, and
6.25 pg mL™. Silver nanoparticles alone could not show potency
as much as nano-chrysin with sub-MIC values ranging from 6.26,
3.13, 1.56 and 0.78 pug mL™". It is evident that chrysin and silver
in the form of nano-chrysin prove to be very effective against
antibiofilm activity (Figure 5a-c). Sub-MIC values of any effective
compound induce stress and alter the expression of different
bacterial genes.?

DISCUSSION

The majority of bacterial pathogens use QS inhibition, which is
a cutting-edge technique for identifying substances that might
prove to be effective therapies for battling antibiotic resistance.
Inhibition of biofilm formation is among those revolutionary
methods.” As biofilm formation is governed by the LasR gene
regulation, there have been several research studies done on
the potential of polyphenols in inhibiting infections caused
by P aeruginosa.’>*' Bacterial cell clusters form biofilms when
extracellular polysaccharide and glycoprotein matrix contains a
network of internal channels or hollows that let the cells absorb
nutrients and oxygen from the surrounding bulk liquid. Because
they have a barrier preventing contact with antimicrobial agents,
biofilms are more resistant to antimicrobials than bacteria.*
Studies show that polyphenols can effectively inhibit biofilm and
function as an antibiotic substitute. Their mode of action includes
blocking the matrix's formation, cell adhesion, and attachment,
determining the generation of extracellular matrix, and reducing
the production of virulence genes, all of which work together
to inhibit biofilm formation.” For many years, plant bioactives
have demonstrated effective defences against infections, and
phytochemicals like Betulin, Betulinic acid, Chlorogenic acid,
and Mosloflavone Cinnamic etc., all have potent anti-QS effects.’!
In our study, we sought to determine whether natural polyphenol
chrysin embedded in silver nanoparticles as nano-chrysin could
prevent P. aeruginosa from forming biofilms that are controlled
by quorum sensing signaling and the LasR gene. Characterization
results showed nanoparticles formation, UV-vis showed SPR
(Surface Plasmon Resonance) at 420 nm, indicating the reduction
of silver by bioreductant chrysin without any harmful chemical
use. The SPR phenomenon attributes to the size, dispersity and
shape of nanoparticles exhibited in the colour variation at different
stages of nanoparticle formation to generate brownish-yellow
colour. When conducting electrons of metals interact with
an electromagnetic field, they often fluctuate collectively in
resonance with specific wavelengths. This phenomenon is known
as surface plasmon resonance (SPR) and is observed in noble
metal nanoparticles. The kind, size, form, and surroundings of the
NPs profoundly influence these SPR bands. According to Dubey
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et al. (2010),** red shift in SPR spectra, a sign of polydispersity,
occurred and NPs synthesized at greater metal ion concentration
were larger. One O-H group, in the figure of FTIR of nano-chrysin
coordinated the metal ions, as demonstrated by FTIR. The C=0
oxygen atom, which was shifted to 1640 cm™ in the spectra of
the nano-chrysin complex and is therefore attributed to a strong
band at about 1655 cm™ that was found in the transmittance of
the ligand, indicates that the crosslinking of ChR on metal NPs
takes place through the C=0 oxygen atom.* After the reduction,
differences in the transmittance intensity at 3500-3000 cm
are observed in the formulated nano-chrysin, which clearly
illustrates the symmetrical and asymmetrical stretching modes
of O-H, thus showing the loss of a single O-H group upon
metal ion interaction. The morphological parameters obtained
through SEM and HRTEM also indicated the size of the formed
nanoparticles, with a minimum range of 2 nm. Additionally, it was
discovered that the particles of nano-chrysin, which had a thin
layer of chrysin coating on their surface, were evenly distributed
and stable over an extended length of time. Since there is no
evidence of direct particle contact, the capping agent's presence is
mostly accountable. According to XRD data, nano-chrysin, which
had a thin coating of chrysin on its surface, had well-dispersed
particles with a minimum particle size of 2nm that remained
stable for a long time."” PDI data of Table 1 indicated the stability
of the nano-chrysin dispersion of the particles throughout the
sample solution with a value of 0.26 which is fairly good value for
nanoparticle formulation for drug delivery approaches.” Figures
6 and 7 shows that nano-chrysin exhibits significant potency
and effectiveness in inhibiting biofilm formation. With sub-MIC
concentrations ranging from 3.13, 1.56, 0.78, and 0.39 ug mL",
this nanoparticle was evaluated for antimicrobial assay, MIC, and
inhibition of biofilm formation. Chrysin, in contrast, had little
impact on biofilm formation at sub-MIC concentrations of 50, 25,
12.5, and 6.25 pg mL. Silver nanoparticles by themselves could
not match nano-chrysin sub-MIC, having ranges of sub-MIC
6.26,3.13, 1.56, and 0.78 pg mL" in terms of potency and efficacy.
Hence, from our present study, it is evident that the combination
of chrysin and silver nanoparticles, known as nano-chrysin, is
very effective at preventing the growth of biofilms.

CONCLUSION

Since chrysin acts as a bioreductant to the silver metal ion,
converting it from Ag* to Ag’, natural polyphenol chrysin has
been used to produce nano-chrysin without the need of hazardous
chemicals. We report in our research work that the generated
silver nanoparticles can be utilized as an inhibitory agent to
stop QS from being harmful, particularly from forming biofilms
Figures 5 and 6. Antibiotic resistance is facilitated by biofilms,
which also serve as a barrier to ligand entrance. By interfering
with the LasR-mediated QS signaling pathway, which is in charge
of biofilm formation, nano-chrysin disrupts the biofilm cascade
and permits the entry of silver nanoparticles laden with chrysin,
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which in turn stops the biofilm from forming. Nano-chrysin
can be used in pre-clinical research and clinical trials to evaluate
QS-mediated actions caused by P. aeruginosa, a pathogen that is
cause for alarm, particularly in community-acquired infections
that have nearly become resistant to most antibiotics, according
to the results of the antibiofilm assay.
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